The c-Myb, A-Myb and B-Myb transcription factors have nearly identical DNA-binding domains, activate the same reporter gene constructs in animal cells, but have different biological roles. The Myb proteins are often coexpressed in the same cells, raising questions about whether they activate similar or distinct gene expression profiles, and whether they cooperate or compete in regulating the same promoters. Here, recombinant adenoviruses were used to express each protein in human mammary cells, and then microarray assays were used to assess global changes in gene expression. Each Myb protein induced a unique and specific set of changes, displaying activities far more complex than revealed by standard reporter gene assays. These results have important implications for the roles of various Myb proteins in normal and transformed human cells, for regulatory pathways that might modify their activities and for the importance of acquired mutations that may qualitatively alter their functions in tumors.
The Myb proteins are typical of many transcription factor families whose members share highly related DNA-binding domains and binding site specificities in DNA, but have different biological roles. The c-Myb transcription factor is the protein product of c-myb, the proto-oncogene progenitor of the avian v-myb oncogene that transforms myeloid cells and induces myeloid leukemias in animals (Ness, 1996) . Vertebrates also express two related Myb proteins, A-Myb and B-Myb, and all three proteins bind DNA, regulate the transcription of other genes, and have been linked to the regulation of cell proliferation, differentiation and the cell cycle (Ness, 1996 (Ness, , 1999 . The expression patterns of the three proteins differ, suggesting that they have unique biological activities. The B-Myb protein is expressed in all dividing cells, and c-Myb and A-Myb are often coexpressed, so many Myb-positive cells, such as immature, replicating cells in testis, breast, colon, thymus or bone marrow, express at least two, and perhaps all three Myb proteins simultaneously. This raises the question of whether the Myb proteins bind to and have similar, or perhaps antagonistic, effects on the same promoters.
The A-Myb, B-Myb and c-Myb proteins have been compared by numerous methods, including in vitro DNA-binding assays and reporter assays using transiently transfected animal cells (Foos et al., 1992; Nakagoshi et al., 1992; Trauth et al., 1994; Sala et al., 1997; Rushton and Ness, 2001 ). Most of these assays have shown that the Myb proteins have similar, if not identical, specificity for DNA, and that they can activate the same reporter constructs, such as promoters derived from the chicken mim-1 gene (Rushton and Ness, 2001 ). To address the functions of the various Myb proteins more directly, we employed microarray assays to identify the cellular target genes that were activated downstream, in response to ectopic expression of each of the Myb proteins. As shown below, this approach has great potential for characterizing the global changes induced by highly related members of transcription factor families.
The human mammary epithelial cell line MCF7 was chosen as a model system for several reasons. First, Myb proteins have been reported to be expressed in mammary cells and breast tumors, and to be required for the proper development of mammalian mammary glands (Gue´rin et al., 1990; Toscani et al., 1997; Kauraniemi et al., 2000) , suggesting that the cells should be responsive to changes in Myb protein expression. In addition, we found that adenovirus vectors were efficient at infecting and expressing Myb proteins in MCF7 cells, making them suitable for our experiments. Briefly, MCF7 cells were infected for 16 h with a control (empty vector) adenovirus or adenoviruses expressing various wild-type Myb proteins or a dominant negative, MybEngrailed fusion protein. The latter has been used as a means of repressing Myb-inducible genes in several tissue culture and in vivo systems (Badiani et al., 1994) . The virus titers were adjusted to insure that roughly equal amounts of the various Myb proteins were expressed (as judged by Western blotting, see Figure 1 ), and so that a maximum number of cells in the culture were infected (essentially 100%, data not shown). Total RNA was prepared and used for the synthesis of biotinylated cRNA hybridization probes, which were hybridized to Affymetrix U95 Gene Chips. The data were analysed by filtering to identify genes that were expressed consistently in replicate samples, and by clustering to identify genes that were expressed in similar, Myb-dependent patterns.
In a first experiment, gene expression patterns induced by c-Myb or Myb-Engrailed were compared to the patterns in uninfected cells or cells infected with the control adenovirus. The expression profiles of 31 Mybinduced genes are shown in Figure 2 . In the figure, each horizontal row represents a gene and each column represents a different RNA sample, as indicated at the top. Only genes that were activated at least 2.5-fold in two or more samples are shown -all such genes were most activated in cells expressing c-Myb. Relative gene expression is indicated by color, with the darkest red indicating activation of more than five-fold, yellow representing unchanged and blue indicating repressed. In this simple experiment, ectopic expression of c-Myb led to the activation of several genes, suggesting that it was able to directly or indirectly cause changes in gene regulation.
RT-PCR and Northern blotting were used to validate the results of the Gene Chip experiments. We focused on three representative genes from the list described above. The KRT16 gene encodes Keratin 16, a cytokeratin protein whose expression has been linked to the control of epithelial cell proliferation (Paramio et al., 1999 ; Bishop, 1986) , and the latter contains a dominant negative Myb cDNA, a gift from K Weston (Badiani et al., 1994) , encoding a fusion protein of the murine c-myb DNA-binding domain, the Drosophila engrailed gene repressor domain and a myc epitope tag. The chicken A-Myb and murine B-Myb cDNAs, both gifts from KH Klempnauer (Foos et al., 1994; Kamano et al., 1995) , were transferred to the pAdTrack shuttle vector (He et al., 1998; Yu et al., 2000) . MCF7 cells were plated at a density of 1 Â 10 6 cells per 35 mm plate 24 h prior to infection. The cell monolayers were rinsed with serum-free DMEM, infected for 1 h at 371C in 5% CO 2 , then complete medium with 10% FBS was added and RNA was harvested 16-18 h later. Virus titers were adjusted so that roughly equivalent levels of the encoded proteins were expressed, as judged by Western blotting (Dash et al., 1996) Figure 3a , semiquantitative RT-PCR using KRT16-specific primers confirmed that KRT16 gene expression was activated following ectopic expression of c-Myb. The Hep27 gene encodes a short-chain alcohol dehydrogenase that is induced in growth-arrested cells (Gabrielli et al., 1995) and during monocyte to dendritic cell differentiation (Heinz et al., 2002) . The TGFBI gene (also called BigH3) was first identified as a TGFbinduced gene and has since been linked to corneal dystrophies and colon carcinomas (Stewart et al., 1999; Buckhaults et al., 2001) . As shown in Figure 3 , Northern blotting confirmed that expression of the Hep27 and TGFBI genes increased dramatically following expression of c-Myb in MCF7 cells.
Next, we tested whether A-Myb, B-Myb and c-Myb would induce similar or different changes in the gene expression pattern. Briefly, MCF7 cells were mock infected or infected with control adenovirus or viruses expressing A-Myb or B-Myb as described above, and then the results were compared to the effects of c-Myb and Myb-Eng. A summary of the gene expression information for 111 human genes is shown in Figure 4 , and reveals several striking results. First, expression of each type of Myb protein generated a unique and characteristic gene expression profile in MCF7 cells. For example, a cluster of genes that were activated by expression of c-Myb is at the top of the figure followed by a cluster of genes that were activated by either AMyb or B-Myb (but not c-Myb), respectively. While expression of each of the Myb proteins led to the activation of different human genes, some genes were induced by more than one of the Myb proteins, and some were activated by all three proteins. Although it was expressed at similar levels, the dominant negative Myb-Eng protein did not activate any genes more than three-fold. This suggests that the changes in gene expression patterns observed here are not due to 'squelching' or other indirect effects caused by overexpression of the Myb DNA-binding domain. On the contrary, the different patterns of gene expression must be due to differences in other domains, most notably the trans-activation domains or C-termini that distinguish the three Myb proteins.
A number of genes, such as the chicken mim-1 gene (Ness et al., 1989) , are directly regulated by Myb proteins via Myb binding sites in their promoters (for a review, see Ness, 1996) . However, several other genes have been identified with promoters that lack such sites, but which can also be regulated by Myb proteins via indirect mechanisms. Our data do not address whether the Myb proteins bind directly to the promoters of the genes we identified, or whether the changes are caused by indirect effects. However, even if many of the identified genes are regulated indirectly, the results clearly show that each type of Myb protein induces a different pattern of global changes in MCF7 cells, consistent with their quite different biological functions.
The gene expression results described here provide dramatic evidence that A-Myb, B-Myb and c-Myb proteins have unique activities in human cells. These results are in stark contrast to expectations forged from reporter assays performed in our laboratories Initial data analysis was performed using Affymetrix Microarray Suite v5.0 software, setting the scaling of all probe sets to a constant value of 500 for each Gene Chip. Additional data analysis was performed using GeneSpring (Silicon Genetics). The data were normalized to the median of the four control values (two uninfected and two control virus infected) and then filtering was used to identify the genes that were consistently up-or downregulated in replicate samples. The gene expression diagrams were generated in GeneSpring, using the 'smooth' correlation function. Name, accession number and description details were obtained from Affymetrix Distinct activities of A-Myb, B-Myb and c-Myb J J Rushton et al and several other laboratories suggesting that the three proteins should bind the same DNA sequence and regulate similar promoters. In contrast, our results suggest that the Myb proteins differ, not by their relative strengths as transcriptional activators but in some qualitative feature, such as relative access to specific chromatin-embedded promoters, or in their relative ability to interact with necessary cofactors. Step RT-PCR with Platinum Taq kit (Invitrogen). Reverse transcription was performed with 1 mg of total RNA at 451C for 30 min, then products were denatured and PCR was performed for 30 cycles of 94, 55 and 721C, 30 s each, followed by 721C for 10 min. Products were analysed on a 1.5% agarose gel and visualized by ethidium bromide staining. The PCR primers were 5 0 -TGGTGGTGGTTTTGCTGGTGGTGATGG-3 0 and 5 0 -GCTGAAGAGGACGAGGAGGAGGTGAAG-3 0 . Lane 1 is the negative control (water). The migration of the specific KRT16 product is indicated, as is a nonspecific (NS) PCR product that appeared in some samples. (b) Activation of Hep27. MCF7 cells were mock infected (lane 1) or infected with adenoviruses expressing c-Myb (lane 2), Myb-Eng (lane 3) or control (empty vector) adenovirus (lane 4). After 16 h total RNA was prepared using RNEasy Mini Kits (Qiagen) and analysed by Northern blotting, using first a Hep27 probe (top) and then stripped and re-probed for beta-actin (bottom), as described previously (Ness et al., 1993) . (c). Activation of TGFBI. MCF7 cells were infected with adenoviruses expressing c-Myb and Myb-Engrailed proteins. Total RNA was analysed by Northern blotting as described above. Lanes 1-4 are RNA from uninfected MCF7 cells (lane 1), MCF7 cells infected with control adenovirus (lane 2) or with viruses expressing Myb-Engrailed (lane 3) or c-Myb (lane 4), respectively. RNA from uninfected MDA-MB 231 or HEK293 cells are in lanes 5 and 6, respectively. The blot was probed first with a TGFBI-specific probe, then stripped and rehybridized with a probe specific for beta-actin and The Human Frontiers Science Program (#RG0358/ 1999M) and by institutional support from the University of New Mexico Health Sciences Center (RAC and HHMI #4-11347). JJR was supported in part by a young investigator grant from the American Cancer Society (IRG no. 192 
